Main-lobe energy transmission using an optical phased array is proposed. Effects of spatial and temporal coherence of rectangular-symmetric laser arrays on energy transmission performance are evaluated in terms of the main-lobe beam quality factor and the main-lobe energy transmission efficiency. As a result, the efficiency is found to be independent of the number of laser elements and their spectral broadening, but sensitive to the aperture fill factor. The main-lobe beam quality factor remains constant for all cases.
Introduction
Wireless energy transmissions using electromagnetic waves in space are attracting much interest. [1] [2] [3] [4] [5] [6] [7] [8] Because laser beams are more advantageous in directionality than microwaves, high power and large-scale lasers such as free electron lasers 9) and solid lasers are under development for directed energy systems, and long-range transmission methods such as a non-diffracting single-aperture beam 10) have been proposed. However, there are several obstacles in the scaling up of a laser oscillator: In general, with the increase in power and size of a laser oscillator, it becomes expensive and difficult to oscillate in a single transverse mode to produce optimum beam collimation. For laser-powered space launchers, 100 MW~1 GW lasers will be requested. 8) Development cost of such a high-power laser is expected to be predominant in the total transportation cost. That is, technical and economical feasibility of laser-powered launchers is low based on the current laser technologies. An Optical Phased Array (OPA) is one of the solutions. It will reduce the development cost drastically because existing laser technology is applicable and mass-production effect is expectable. Moreover, an arrayed beam is steerable not by a physical swing of lasers but by phase control, 11) and adaptive optics for atmospheric-scintillation compensation would be achievable by phase control in the same manner as by deformable mirrors. 12) Several methods have been proposed and are under development to combine laser beams coherently, such as MOPA/injection locking, coupled oscillators and external cavities. 11, 13, 14) However, spatial coherence of arrayed transmitters would be degraded because the profile becomes inevitably a cluster of multiple beams without any overlapping between them. Therefore, it would be important to know the combined diffraction patterns and their dependency on geometric In this study, effects of spatial coherence of a laser array on a far-field diffraction pattern were numerically computed, and its capability for long-distance wireless energy transmission was evaluated. In addition, temporal coherence of a laser beam was taken into consideration to simulate realistic situations. Figure 1 shows a typical far-field intensity profile. It is well known that the profile consists of a main-lobe and multiple side-lobes. Side-lobe intensity gets larger with the higher order oscillation modes. It would be disadvantageous to collect the power in side-lobes from the viewpoint of receiver size, especially for transmission to mobile objects such as laser-powered vehicles. Therefore, we propose to use the main-lobe for energy transmission. In this study, a rectangular-symmetric array as shown in Fig.  2 (1)
Main-Lobe Energy Transmission
Here, W ML (z) represents the beam radius of the main-lobe, and W nd (z) the radius of the diffraction-limited Gaussian beam whose waist is equivalent to half of transmitter side nd/2, defined as
where λ and z are the laser wavelength and transmission distance, respectively. The main-lobe energy transmission efficiency η ML was defined as a fraction of beamed energy that is contained in a main-lobe. W ML and η ML correspond to the size of a receiver and the transmission efficiency, respectively.
If the intensity profile is uniform on the rectangular transmitter surface, the far-field profile on the x-axis is given by
Then, corresponding parameters become
and η ML = 84.5%.
These give the diffraction-limited quality of a uniform profile beam.
Computational Model
Each element of an array was assumed as a diffraction-limited Gaussian beam. The electric-field distribution E at the transmitter surface r′(x′,y′,0) is expressed as,
where (x i , y i ) and E 0 are the center position of i th element and electric-field amplitude at (x i , y i ), respectively. The electric-field distribution of a beam at the position r(x, y, z) is derived from the generalized Huygens-Fresnel integral acting on the input field;
If all of the laser beams were coherent and in phase to form a completely coherent phased array, the intensity of the resulting beam is expressed as 2 ( ) ( )
When waves have a finite spectral broadening, they propagate as a wave packet, and a continuous wave is composed of a tremendous number of overlapping wave packets.
15) The time-varying field of an element beam can be expressed as a function of time t as ( )
Here, c represents the light velocity. Waves at all frequencies were assumed in phase at z = 0 and t = 0. The frequency spectrum was assumed to be Lorenzian and expressed as
where λ m and ∆λ represent the mean wavelength and full width half maximum, respectively. Laser intensity can be expressed as
Effect of Spatial Coherence
Far-field patterns were calculated for various element numbers n×n and aperture fill factors f ≡ 2w 0 /d. Figure 3 shows the field patterns at z = 0 for a 10×10 rectangular array with f = 1.0 and 0.4, and Fig. 4 shows the corresponding far-field patterns at z = 10z F . Here, z F = (nd) 2 /λ is the boundary distance between Fresnel and Fraunhofer regions. (10z F ≈ 40,000 km for λ = 1 µm and nd = 2 m.) As shown in the figure, the far-field profiles have a rectangular main-lobe and rectangular-symmetric side-lobes. Figure 5 shows the far-field intensity profile along the x-axis. For f = 0.4, the side-lobe intensity is increased and the main-lobe intensity is decreased compared with the case for f = 1.0. The dependency of M ML 2 on n and f is shown in Fig. 6 . M ML 2 was found preserved at π/2, which is identical to the diffraction-limited quality of an uniform profile beam. In other words, the receiver size is independent of n and d for given transmitter size nd. Figure 7 shows the dependency of η ML on n and f. η ML was insensitive to n but sensitive to f. Figure 8 shows the relationship between η ML and f. η ML was monotonically increased with f. This relationship is unique for any rectangular array with uniform element intensity, and can be fitted using a following polynomial function; 2 3 ML 0.241 2.54
This formula is valid at z > 2z F , and would be convenient for the estimation of η ML .
The computed results were validated experimentally. Phased array beams were simulated using an expanded and collimated diode laser beam and a grid with 4×4 apertures. The profile was measured using a beam profiler. As shown in Fig. 9 , the result showed a good agreement between computation and measurement. The computed M ML 2 and η ML were within the error bars of the measurement at any z/z F . 
Effect of Setting Errors
In order to assess the effect of setting errors of element lasers on energy transmission performance, phase error, pointing error, and intensity error (Fig. 10) were examined. Phase error was given using a random number in the computation. σ φ is the standard deviation of initial phase. In the case of σ φ /2π=0.1, many side-lobes appeared and energy has been scattered around as shown in Fig. 11 .
Although M ML 2 stayed constant, η ML decreased with σ φ as plotted in Fig. 12 . Phase error should be kept within several % of 2π. Requirements from pointing error or intensity error were not so critical. 
Effect of Spectral Broadening
In order to evaluate the effect of spectral broadening on a far-field pattern, Eq. (10) was integrated. The computational parameters are listed in Table 1 . The time-integrated intensity I for one wave packet was defined as ( ) ( , ) 
Example of Wireless Energy Transmission Using an Optical Phased Array
Using the computed results, laser energy transmission of 100 MW power at a distance of 40,000 km was considered. Assumed specifications for the laser element are listed in Table 3 . Each element beam is assumed to be collimated with micro-lenses of φ200 µm. Table 4 shows the estimated sizes of transmitter and receiver. According to Eq. (13), η ML = 0.73 for f = 1.0. In order to transmit 100 MW power to a receiver, 8300 × 8300 lasers should be clustered, and the corresponding transmitter size becomes 3.3 m × 3.3 m. The receiver size is about 24 m × 24 m.
If f is down to 0.8 due to the necessary space between the neighboring micro-lenses for their support and cooling, η ML is decreased by 11% and the number of lasers should be increased to compensate for it. (See Fig. 13 .) Table 4 . Transmitter and receiver sizes and transmission efficiency. 
Summary
Main-lobe energy transmission using an optical phased array is proposed. The fraction of beamed energy that is contained in a main-lobe was found to be insensitive to the number of array elements and its spectral broadening, but sensitive to the aperture fill factor. On the other hand, the beam quality factor of a main-lobe remained constant for all geometric parameters and spectral broadening.
On the basis of these results, it was suggested that 100 MW power can be transmitted from a 4.5 m × 4.5 m coherent laser diode with the aperture fill factor f = 0.8 to a receiver of 18 m × 18 m at a distance of 40,000 km with the transmission efficiency of 62%. Overall, a coherent optical array is one of the feasible transmitters for long distance energy transmission.
